. Each individual set of hearts was hybridized against aliquots of an RNA standard prepared from selected mouse tissues, allowing calculation of variability and coordination of gene expression among the samples from both genotypes. Overall variance of gene expression was found to be markedly higher in wild-type hearts than in those from Cx43 null littermates. Expression levels of 586 of 5,613 adequately quantifiable distinct genes with known protein products were statistically altered in the Cx43 null hearts, 38 upregulated and 548 downregulated compared with wild types. Downregulation was confirmed for seven tested genes by quantitative RT-PCR. Functions of proteins encoded by the altered genes encompassed all functional categories, with largest percent changes in genes involved in intracellular transport and transcription factors. Among the downregulated genes in the Cx43 null hearts were those related to neuronal and glial function, suggesting that cardiac innervation might be compromised as a consequence of Cx43 deletion. This was supported by immunodetection of sympathetic innervation, using antibodies to the synaptic vesicle protein synaptophysin and to the adrenergic nerve terminal marker tyrosine hydroxylase. These findings reinforce the proposal that the cardiac abnormality in Cx43 null animals may be contributed by altered innervation and indicate that Cx43 deletion has consequences in addition to reduced intercellular communication.
cDNA array; expression coordination; cardiac innervation; transcription control CONNEXIN43 (Cx43; also termed gja1 or gap junction ␣1-protein) was the second gap junction protein to be discovered, by a strategy whereby cardiac cDNA libraries were screened at low stringency with cDNA sequence corresponding to the liver gap junction protein connexin32 (4) . Cx43 is now known to be the most widely expressed gap junction protein in mammals, where it occurs in almost every tissue (4, 8) . Cx43 is a primary component of intercellular gap junction channels in cardiac tissue, where it is found between ventricular and atrial myocytes and in both smooth muscle and endothelial cells of the vessel wall (see Ref. 50) . Reduced gap junctional coupling and Cx43 expression or phosphorylation have been associated with both acute ischemia and chronic cardiac disease. For example, changes in electrical coupling induced by acute myocardial ischemia have been correlated with a marked dephosphorylation and internalization of Cx43, although the total Cx43 protein level was unchanged (31) . Patients with healed myocardial infarcts and animal models of postinfarct myocardial injury display EKG abnormalities that are attributable to reduced junctional conductance, due to both rearrangement of junctional contacts (termed gap junction remodeling) and globally reduced Cx43 expression (2, 16, 31, 41, 44, 55) . Reduced Cx43 expression has also been detected in patients with ischemic cardiomyopathy and other chronic myocardial disease states such as end-stage aortic stenosis (32, 45) , congestive heart failure (14) , and diabetic cardiomyopathy (42) as well as in a mouse dilated cardiomyopathy model (19) . Junctional localization of Cx43 (but not Cx43 expression level) and contraction synchrony are also altered in cardiac myocytes infected with Trypanosoma cruzi, the protozoan parasite responsible for Chagasic cardiomyopathy (10, 11) .
Coding region mutations in Cx43 have been reported in patients with visceroatrial heterotaxia (VAHT) (5) , rare cases of nonsyndromic deafness (37) , hypoplastic left heart syndrome (9) , and occulodentodigital dysplasia (43) . The first two of these reports are controversial, as large scale studies have not replicated the VAHT results (see Ref. 54) , and the mutations associated with nonsyndromic deafness appear to be in the Cx43 pseudogene (cited in Ref. 43 ). Mice in which Cx43 is totally deleted (Cx43 null mice) die at birth due to a developmental cardiac abnormality, where ventricular outflow obstruction blocks blood flow to the lungs (48) ; additional developmental abnormalities include coronary artery patterning defects (36) . Mice with cardiac-specific Cx43 deletion exhibit ventricular conduction slowing and sudden cardiac death (18) .
Gene expression profiling has indicated that levels of Cx43 mRNA are altered in both acute and chronic stages of multiple sclerosis (39) , in Alzheimer disease (40) , in Huntington disease (56) , and in other neural disorders (17) . Although analogous studies on cardiac disease are only just beginning, gene arrays have revealed that Cx43 is downregulated in failing human hearts after implantation of ventricular assist devices (7) , and it is noteworthy that expression of the transcription factor Nkx2.5, which may be involved in hypoplastic left heart syndrome, downregulates Cx43 (33) .
Because of the critical role that Cx43 plays in normal cardiac function and the reports that its expression may be altered in pathological cardiac conditions, we have undertaken a gene profiling study in which gene expression was compared in hearts from Cx43 null mice and in those from wild-type littermates. Using the 27k cDNA array produced by the Albert Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
Einstein College of Medicine (AECOM) Microarray Core Facility, we have found that expression of ϳ10% of the quantifiable known genes was significantly altered (primarily downregulated) in the Cx43 null heart. These genes encode proteins with a wide range of biological functions, indicating that Cx43 expression in the heart affects numerous processes, not all of which are readily explainable by the deficit in intercellular communication.
MATERIALS AND METHODS
Mice. Adult C57BL/6j wild-type (used for reference RNA isolation, see below) and heterozygous Cx43(ϩ/Ϫ) mice were obtained from Jackson Laboratory (Bar Harbor, ME) and bred and maintained in our Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility. These transgenic mice were generated by homologous recombination as described (48) . Because Cx43 null mice do not survive long after birth, heterozygotes were mated and offspring screened by PCR of tail DNA (12) . Hearts of twelve wild-type (W) and twelve Cx43 null (K) neonatal mice were used in this study, where four sets of three hearts of each genotype were compared to obtain enough total RNA to avoid RNA amplification and/or use of indirect labeling that might introduce bias toward a subpopulation of mRNA. The mice were decapitated under aseptic conditions according to protocols approved by the AECOM Animal Use Committee, and hearts were removed and immediately processed. A mouse reference RNA mixture (hereafter denoted by S) was prepared at one time in sufficient quantity for the entire projected experiment from selected amounts of total RNA extracted from several adult male and female mouse tissues (aorta, brain, heart, kidney, liver, lung, ovary/testicles, spleen, and stomach) in a combination that provided a high diversity of genes expressed in the midrange of the detection system for the AECOM mouse cDNA microarrays (23) .
RNA sources and experimental design. Sixty micrograms of total RNA, extracted according to the AECOM protocol (http:// microarray1k.aecom.yu.edu/) from S and from each of the four sets of three hearts isolated from W and K mice, were reverse transcribed into cDNA incorporating fluorescent dUTPs [Cy3-dUTP (green) and Cy5-dUTP (red)]. The labeled cDNAs were hybridized overnight at 50°C on 10 aminosilane-coated Corning glass slides, spotted with 27k selected mouse DNA sequences produced by the Microarray Core Facility of the AECOM (http:// microarray1k.aecom.yu.edu), in the combinations indicated in Fig. 1A . Eight arrays were used for hybridization of sets of W and K hearts against S, and two additional slides were used for the so-called "yellow test" by hybridization of differently labeled S extracts against each other to validate the protocol and determine the printing quality (Fig. 1B) . These additional slides were scanned several times at different photomultiplier tube (PMT) voltages to optimize scanning parameters so that signals recorded by the two channels of the scanner were globally balanced and the numbers of spots eliminated because of low signal and saturated pixels was minimized.
After hybridization, the slides were washed at room temperature with solutions containing 0.1% sodium dodecyl sulfate (SDS) and 1% SSC (3 M NaCl ϩ 0.3 M sodium citrate) to remove the nonhybridized probes.
Scanning, data acquisition, and normalization. The microarrays were scanned with an Axon GenePix 4000A scanner, and data were acquired through GenePix Pro 4.0 software (http://www.axon.com). The spots with substantial local imperfections (customarily flagged by the acquisition program), those for which the medians of the foreground signals were not twice as high the medians of the background signals in both channels, and those with saturated pixels were eliminated from the analysis to avoid false hits. The background-subtracted signals were normalized through an in house-developed iterative algorithm, alternating within-array normalization with interarray normalization, until the average corrected ratio differed by Ͻ5% from the previous one (22) . The cDNA arrays used contained 27,571 spotted sequences: 15,693 spots probing 7,455 distinct mouse genes with known protein products in http://genome-www5.stanford.edu/cgibin/source//sourceBatchSearch, 11,686 spots corresponding to mouse expressed sequence tags (ESTs) the annotations of which were incomplete at the date of the study (eliminated from the expression analysis), and 192 spots with bacterial sequences for quality control of . Differently labeled sources [red and green triangles, corresponding to whether cDNA was labeled with Cy3 (green) or Cy5 (red)] are cohybridized on microarrays (squares formed by the red and green triangles). Calib, calibration procedure used to verify the hybridization protocol, select the photomultiplier tube voltages, and test the normalization algorithm by studying the expression ratios obtained when differently labeled sample references were hybridized against each other ("yellow test"); K:S and W:S, expression ratios when the K and W extracts are compared with the reference sample; K:W, computed expression ratio in the Cx43 null heart with respect to the wild-type heart. B: yellow test to verify the quality of the hybridization protocol and of the normalization procedure (results from the 1st chip used in calibration). Sg(spot) and Sr(spot), background-subtracted normalized signals of the quantifiable spots; mean Sg and mean Sr, mean values of the above for the entire array. Note the high value of the linear regression and the approximate equality of the 2 sets of normalized signals (slope 0.95 in the linear fitting). the arrays. We organized the subset of valid spots that probed genes with known protein products in "redundancy groups" (RGs), with each group composed of the spots probing the same gene. To each of the n(j) spots composing the RG of gene j were assigned a "weight" g(i;j) equal to the ratio between the number I(i;j) of identities with the probed gene and the length L(i; j) of the query, thereby maximizing the contribution of the most trustable sequences within the redundancy group (23) .
The normalized expression ratio (i; j) and the P value of significant regulation P(i; j), obtained according to a previously described method (25) 
Definition in Eq. 1 assigns negative ratios to downregulated genes (e.g., x ϭ Ϫ2 is 2-fold downregulation).
To reduce the number of false hits and also to limit the elimination of true hits, we have developed a regulation analysis that relies on both fold changes in expression ratio and the statistical significance of the two-tailed t-test for equality of two ratios (21) with a Bonferronitype adjustment (13, 51) applied to the redundancy groups. The threshold fold change was established for each valid RG to exceed the effect of the 95% maximum error of estimate (21) of the normalized expression ratio, while the Bonferroni type adjustment multiplies the averaged P value by the number of spots composing the RG. The results were interpreted as previously described (23) .
Evaluation of transcript abundance variability and control stringency. We have used the 5%-significant relative estimated variability (REV) of transcript abundance in each genotype to evaluate the control stringency of the transcript abundance for each gene (with high REV values indicating low control) and the gene expression stability (GES; the percentile locating the REV value in an inversely ordered sequence) to categorize the genes in stability classes (25, 26) . Genes with GES Ͼ75 were regarded as stably expressed and genes with GES Ͻ25 as unstably expressed. Although REV includes technical variability, our estimation of the technical noise (see below) indicates that it does not affect assignment of genes to stable and unstable expression categories.
Coordination of transcript abundances. Pearson's correlation coefficients between the binary logarithms of averaged normalized expression ratios of adequately quantified genes j in wild-type heart compared with the sample reference (determined as indicated in were used to determine the degree of expression coordination (23-25) with Cx43 in wild-type hearts. Positive correlation indicates that expression of paired genes increases and decreases simultaneously from animal to animal (synergistically expressed), negative correlation indicates inverse expression tendencies (antagonistically expressed), and a value close to zero indicates that the variations of expression levels of the two genes are not coordinated (independently expressed). The statistical significance of the correlation coefficient is strongly dependent on the number of specimens. In our case of four biological replicas, the 5% cutoff values are 0.9 Ͻ Յ 1 for synergism, Ϫ0.9 Ͼ Ն Ϫ1 for antagonism, and ͉͉ Ͻ 0.05 for independence, and the 10% cut-offs are ͉͉ Ͼ 0.8 for coordination (synergistic or antagonistic) and ͉͉ Ͻ 0.1 for independence. Moderate correlations (0.1 Ն ͉͉ Ն 0.8) were eliminated from the analysis because of questionable significance.
Assignment of gene functions. We have used GeneBank accession numbers and the website http://genome-www5.stanford.edu/cgibin/source//sourceBatchSearch for gene annotation of the spotted sequences. Annotated genes were categorized in functional classes of proteins encoded according to a simple classification scheme (see Ref. 26 ; derived from Ref. 1): junction-adhesion-extracellular matrix (JAE; antigens, globulins, integrins, claudins, cadherins, connexins, desmosomal components, laminin, proteoglycans, etc.), cytoskeletal (CY; intermediary filaments, microtubules, centrioles, actin, and their associated proteins), transport into the cell (T1; channels, transporters, and ionotropic receptors), transport within the cell (T2; proteins of vesicles, cellular motors, endosomes, lysosomes, nuclear transport, protein folding, etc.), cell signaling (CS; G protein-coupled receptors, protein kinases, SH2 and SH3 domain proteins, calcium-binding proteins, etc.), cell cycle-shape-differentiation-death (CSD; growth factors, apoptosis-related genes, cytokines, etc.), transcription (TR; DNA binding proteins, DNA repair, RNA, transcription factors, oncogenes, etc.), energy and metabolism (EnMet; oxidants, peroxisomes, respiratory chain, glycolysis and glycogenesis, enzymes, etc.), and genes encoding proteins for which function is presently unknown (UNKf). Percentages of regulated genes encoding proteins of each functional class were calculated from this classification and are presented with the above-mentioned in the form of a bar graph (see Fig. 3B ).
Quantitative real-time PCR. RNA samples independent of those used for the cDNA array study were extracted from four hearts of neonatal wild-type and four hearts of neonatal Cx43 null mice; they were tested for RNA integrity by electrophoresis, and cDNA synthesis was performed as previously described (58) . Primers were designed with the use of the Primer Express program (Applied Biosystems) for universal reaction conditions, defined by the manufacturer. The sequences of the eight primer pairs (Biomers.net, Ulm, Germany) are summarized in Supplemental Table S1 (available at the Physiological Genomics web site). 1 All primers produced single amplification products of the calculated melting temperature as verified by melting point analysis. SYBR Green I reaction conditions were as recommended by the manufacturer (Eurogentec). The experiments were performed, using a GenAmp 5700 Sequence Detection System (Applied Biosystems), in triplicate. A total of 12 data points were generated from four hearts of each genotype.
Expression ratios were calculated on the basis of primer efficiencies and the crossing point deviation of unknown samples vs. a control (46) . Primer efficiencies (E) for each primer pair were determined from standard curves by the formula E ϭ 10 1/slope (47) . The crossing point value (Cp) was defined as the point where the fluorescence signal reached a value of 0.1 above background during the exponential phase of the reaction. The relative expression software tool (REST; Ref. 46 ) was applied for group-wise comparison and statistical analysis of relative expression results in real-time PCR using default settings.
Immunocytochemistry and Western blot analysis. Cx43 null and wild-type newborn mice were killed by fluoquene overdose immediately after birth. Hearts were promptly removed and fixed for 3 h in 4% paraformaldehyde. Hearts were then washed in phosphate-buffered saline, cryoprotected in 15% sucrose, and cut into 15-m sections using a cryostat. These sections were subsequently stained for Cx43 using a rabbit polyclonal antibody (35) , for synaptophysin using a monoclonal anti-synaptophysin antibody (Sigma), and for tyrosine hydroxylase using a monoclonal antibody (Chemicon) according to a previously described protocol (35) . Sections were subsequently stained by use of fluorescent secondary antibodies conjugated with Alexa 488 for the Cx43 polyclonal antibody and Alexa 594 for the monoclonal antibodies (Molecular Probes, Eugene, OR) and examined with a Nikon TE300 epifluorescence microscope equipped with a 1.3 NA 40ϫ oil immersion objective. Photomicrographs were obtained with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI) and composed with the use of Adobe Photoshop software.
Western blotting analysis was conducted according to a protocol previously described (35) . Briefly, left ventricles from wild-type and Cx43 null pups were excised and homogenized by sonication in a lysis buffer containing 50 mM Tris buffer (pH 7.4), 1% Nonidet P-40, 1ϫ protease inhibitors, 10 mM sodium fluoride, and 1 mM sodium orthovanadate. Protein contents were determined using a Pierce BCA kit (Rockford, IL) to ensure equal loading for Western blotting analysis. After electrophoresis and transblotting, membranes were blocked in Tris-buffered saline solution containing 0.2% Tween 20 (TBST) and 5% skim milk for an hour before the overnight incubation with the above antibodies against Cx43 or synaptophysin, and subsequent horseradish peroxidase-conjugated secondary antibodies at room temperature. Western blots were quantified by measuring the relative density of the 38-kDa bands recognized by the synaptophysin antibody using Scion Image software (Frederick, MD). The difference in synaptophysin A expression was determined with the Student's t-test.
RESULTS
Quality control. The study was performed according to the standards of the Microarray Gene Expression Data Society, and data complying with the Minimum Information About Microarray Experiments have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih. gov/geo; platform GPL1698, series GSE1961, samples GSM35025-35032). The main features and representative examples are considered below.
We have shown previously (28) that the reproducibility of the AECOM mouse microarrays is within reasonable limits for this type of platform (average interarray coefficient of technical variability of the unnormalized, background-subtracted signals is ϳ30% without any significant difference between the 2 channels) (27) . The power of the normalization procedure was evidenced by the reduction of the coefficient of variability of the red background-subtracted signals of the sample reference across the arrays from 32 Ϯ 15% in the unnormalized data to 15 Ϯ 8% after normalization. The quality of the incorporation of fluorescent dyes and of the hybridization of the labeled cDNA was checked by the yellow test (Fig. 1B) ; for the selected PMT, we obtained the average expression ratio x ϭ 0.98 Ϯ 0.05 and the correlation coefficient between the sets of normalized background subtracted signals in the two channels ϭ 0.99. We conclude from this high correlation coefficient that technical variability is comparable in both channels. After elimination of all spots for which gene annotation did not recover known proteins and the invalid RGs due to significant opposite regulation, redundancy groups probing 5,613 distinct genes were adequately quantified.
Expression stability and control stringency of transcript abundance. We calculated the REV values for transcript abundance of each adequately quantified gene with known protein product and analyzed the distributions of the REV values in wild-type and Cx43 null hearts. Individual genes in both genotypes exhibited a wide range of REV values ( Fig. 2A) , indicating a great variability in the stringency of transcriptional control and posttranscriptional mRNA stabilization/destabilization mechanisms leading to the actual steady-state mRNA levels measured by our approach.
For wild-type hearts, the mean REV value was 90.5% with a large standard deviation (62.6%). The distribution ( Fig. 2A is positively skewed (skewness ϭ 1.3) and relatively peaked (kurtosis ϭ 1.7) compared with that expected for a normal distribution (for which skewness and kurtosis are both 0). The distribution of REV values in hearts with disrupted expression of Cx43 ( Fig. 2A ) exhibited a significant (P Ͻ 0.001) 36% lower mean value (57.9%), reduced standard deviation (34.4%), and increased asymmetry (skewness ϭ (Fig. 2B) indicates a strong tendency for genes with high variability in wild types (REV Ͼ100%) to have lower values in transgenic mice, whereas genes having high REV values in the transgenics exhibited a wide range of REV values in wild-type hearts. Correlation between REV values for individual genes between wild-type and Cx43 null hearts was very low ( ϭ 0.23 over the entire range, ϭ 0.07 for REV Ͼ100), indicating the virtual absence of a consonant change of transcriptional control stringency in the case of highly variable genes.
To further compare the variability of transcript abundance in wild-type and Cx43 null hearts, individual genes were ranked according to their expression stability (GES). Table 1 Examples of stably and unstably expressed genes in the hearts of wild-type mice that preserved or reversed their stability character in the hearts of connexin43 (Cx43) null mice compared with wild types. Columns provide chromosomal locations, functional classification, and gene expression stability (GES) values in the wild-type (GES-W) and Cx43 null (GES-K) heart for each gene. The GenBank accession nos. were not presented, since the results were averaged within each redundancy group. See MATERIALS AND METHODS for classification descriptions. their stability in the Cx43 null hearts. Although each gene chosen for illustration showed significant regulation of expression in Cx43 null compared with wild-type hearts (see Expression regulation), similar examples were also abundant in the case of nonregulated genes. We have included in Table 1 a classification of the proteins encoded by these genes as well as their chromosomal locations (see Distributions of regulated genes within functional classes and chromosomes). When stability of all regulated genes was considered in the context of functions, a larger proportion of CSD (41 vs. 31%) and TR (30 vs. 17%) and a smaller proportion of T1 (21 vs. 33%) and JAE (26 vs. 39%) regulated genes were unstable (GES Ͻ25%) in wild-type compared with Cx43 null hearts, and more JAE (25 vs. 14%) and fewer TR genes (23 vs. 29%) were stable (GES Ͼ75%) in wild-type hearts. T2 and T1 have the highest (34 and 33%, respectively) proportion of stable genes in both wild-type and Cx43 null hearts; CSD is the least-stable functional class in wild types (41%) and JAE the least-stable class (39%) in the Cx43 null hearts.
When expression stability was compared for genes on each chromosome, chromosome 16 was found to have the highest (71.4%) and chromosome 4 the lowest (42.7% mean) stability in wild-type hearts. In the Cx43 null heart, the distribution was altered, chromosome X having the highest (64.6%) and chromosome 5 the lowest (36.5%) average stability.
Our observation that disruption of Cx43 alters the variability of transcript abundance and that alterations are not uniform with regard to either functional classes or chromosomal location suggests a complex pattern of interactions between the expression level of Cx43 and the control mechanisms of transcript abundance of other genes.
Expression regulation. As illustrated in Fig. 3A , when ratio values of Cx43 null and wild-type hearts were compared, 1,277 spots probing well-annotated sequences exhibited significant (P Ͻ 0.05) hybridization ratio [identified using the Student's t-test for the equality of two ratios (K/S:W/S)].
These spots corresponded to the significant regulation of 586 (10.4%) of the total quantified distinct genes on the array, 38 (6.5%) genes being upregulated and 548 (93.5%) being downregulated. Of the significantly regulated genes, 156 (2.8%) were downregulated and 10 (0.2%) were upregulated by twofold or more. Table 2A presents examples of the most highly  downregulated genes, and Table 2B presents all upregulated genes in the limit of P Ͻ 0.05. The full data set from which the Fig. 3 . Characteristics of quantified and regulated genes. A: plot of significantly (P Ͻ 0.05) regulated hybridization of well-annotated genes (log2 ratios) in set of arrays hybridized with cDNA obtained from Cx43 null heart (K) and reference sample (S) against hybridization (log2 ratios) in set of arrays hybridized with cDNA obtained from the wild-type heart (W) and reference sample. The line marks the equality of the 2 log ratios. Note the asymmetry toward downregulation. B and C: distributions of quantified and regulated genes within each of 9 functional classes (B; for description of classes, see MATERIALS AND METHODS) and chromosomes represented on the array (C). Note that the most highly regulated class of genes is that of transcription factors (TR). D and E: percentage distribution of regulated genes on each functional class (D) and chromosome (E). Note the highly nonuniform distribution of the absolute numbers of regulated genes in functional classes and the approximately uniform distribution of the percentages of regulated genes in functional classes, and that regulation of genes located on chromosome 10, which contains Cx43, is not markedly different from the percentage of regulated genes found on the other chromosomes. examples and quantitation are derived is available as Supplemental Table S2 .
Distribution of regulated genes within functional classes and chromosomes. Column charts illustrating the functions and chromosomal locations of all quantified and of all regulated genes in the Cx43 null hearts are shown in Fig. 3 , B and C. When affected genes were categorized according to function, the greatest numbers were transcription factors (128 TR genes, 22% of the total), followed by genes functioning in energy metabolism (107 EnMet genes, 18%). Thirty-four genes (5.8%) were classified as encoding proteins with unknown functions.
Expression of 80 CS genes was statistically different in the Cx43 null hearts (14% of the total regulated genes), including upregulation of apelin, an agonist of angiotensin receptorlike-1 and a potent inotropic agonist in myocardial cells (6) , and downregulation of the ␤2-adrenergic receptor and the estrogen, opioid, and transforming growth factor-␤ receptors. Of the remaining 75 CS genes, a remarkably high proportion encoded protein kinases (12 genes) and phosphatases (13 genes). The regulated protein kinases include PKA regulatory subunits-␤1 and -␤2 and six that are related to mitogenactivated protein kinase pathways.
Fifty-nine CDS genes (10% of the total) were differentially expressed between the genotypes, including several growth factors: vascular endothelial growth factor (VEGF) and macrophage migration inhibitory factor were about twofold upregulated in the Cx43 null hearts, whereas insulin-like growth factor-1 (and its receptor), leukemia inhibitory factor, the glial cell neurotrophic factors-␣1 and -␣2, nerve growth factor receptor, and interleukin-4 receptor-␣ were all downregulated. Of the remaining genes, nine were cell cycle or mitosis related, and eight were related to apoptosis.
Twenty-four CY genes showed expression ratios that were different (4.1%), including three associated with myosin isoforms (myosin Va, phosphorylatable myosin light chain, and myosin-binding protein H) and five with functions related to cell motility (actin-␤, actinin-␣4, destrin, band 4.1-like, proline-serine-threonine phosphatase-interacting protein-1, and drebrin-1).
Fifty-six JAE genes exhibited differential expression (9.7%), including decreases in 10 components of gap, tight, and adherens junctions and desmosomes (cingulin, cadherin-23, claudins-3 and -12, integrin-␤5, periplakin, carcinoembryonic antigen-related cell adhesion molecule, stromal interaction molecule-1, testicular cell adhesion molecule, and Cx43 itself); decreases in genes encoding three proteins related to myelin maintenance (myelin basic protein, proteolipid protein, and periaxin); and decreases in genes associated with pre-or postsynaptic specializations of nerve endings (e.g., calsyntenin) as well as genes related to neuronal migration (neuropilin, a semaphorin receptor, and trefoil). Extracellular matrix-regulated genes included chondroitin sulfate proteoglycan (Ͼ4-fold upregulated) and syndecan-1 (slightly downregulated).
Twenty-four transmembrane flux and transport (T1) genes were affected, more than one-half of which were involved in carrier-mediated transport (11 genes) or ion flux (amiloridesensitive cation channel-3, voltage-gated potassium channel Kcns3, chloride channel-7, and the peripheral benzodiazopine receptor). Seventy-four genes related to intracellular transport were regulated (T2, 12%), including those encoding eight presynaptic proteins [bassoon, piccolo, SNAP23, synaptotagmin (Syt)-3 and -13 and Syt-like-1, syntaxin 3, and syntaxinbinding protein-1]. Caveolin, to which Cx43 has been shown to bind (49) , was found to be 1.7-fold upregulated.
We further evaluated whether there was a pattern evident in the functional classes and/or chromosomal location of genes whose regulation was affected by Cx43 deletion. As shown in Fig. 3, B and C, genes from all functional classes (from 271 CY genes to 1,266 TR genes) and, with the exception of the missing chromosomes 20-22 and only two genes from chromosome Y, genes from all other chromosomes were quantified on the arrays (from 175 genes located on chromosome 18 to 620 genes located on chromosome 11). Disruption of the Cx43 gene affected transcription of genes from all functional classes (from 24 CY genes to 128 TR genes) and located on all chromosomes (from 13 unigenes on chromosome 14 to 56 unigenes on chromosome 11). Remarkably, despite highly nonuniform distributions of absolute numbers, rather uniform percentages of quantified genes were regulated in each functional class (8.7 Ϯ 1.1%) or chromosome (8.0 Ϯ 1.3%) (Fig. 3,  D and E) . This uniformity, consistent with that observed in Cx43 null and Cx43 heterozygous mouse brains (23) , suggests that Cx43 expression may represent a central node in the regulation of gene expression patterns. Perhaps surprisingly, chromosome 10, containing the Cx43 gene, was ranked in the twelfth position with 8.1% regulated genes, whereas chromosomes 18 and 12 with 11.4% and 9.4% regulated genes, respectively, occupied the first two positions. This finding indicates that the pattern of gene regulation in the Cx43 null heart is not governed by proximity to the Cx43 gene locus and suggests a complex network of expression coordination.
To validate our cDNA microarray analysis, we used quantitative (q)RT-PCR as an independent methodological approach. Genes encoding adrenergic receptor-␤2 (Adrb2), bassoon (Bsn), piccolo (Pclo), proteolipid protein (myelin; Plp), stratifin (Sfn), solute carrier family 43, member 1 (Slc43a1), and tektin-2 (Tekt2) were selected for experimental verification. Note that five of these are related to innervation (Adrb2, Bsn, Pclo, Plp, and Tekt2). As shown in Fig. 4 , the significant downregulation observed in the microarray study was confirmed for all seven genes by the qRT-PCR analysis.
Coordination of transcript abundances. The altered gene profile in the Cx43 null heart might represent a unique pattern that only arises from the complete absence of Cx43 gene expression. However, it could also be the case that the Cx43 null phenotype reflects an exaggeration of the coordination among the genes that occurs in normal heart. To test this second hypothesis, we have exploited the approximately twofold variability found in the log 2 expression ratio of Cx43 in wild-type heart vs. reference to calculate correlation coefficients between these ratios and those of each gene whose expression was found to be statistically regulated in the Cx43 null hearts. Figure 5A presents examples of two genes either synergistically or antagonistically expressed with Cx43 in hearts of wild-type mice. Note the strong degree of coordination indicated by the high values in these examples.
To determine whether the degree of coordination matched the gene regulation seen in the Cx43 null heart, we have plotted the significant correlation coefficients of each gene with Cx43 expression level obtained in wild-type hearts as a function of the log 2 K:W ratio for each of the genes. As indicated in Continued 5B, the analysis of transcription coordination with Cx43 in the wild-type hearts predicted the type of regulation in Cx43 null hearts with surprising accuracy. For 347 of the regulated genes, spots were quantifiable on all four arrays. Of these, 77 coordinations were significant at the 10% level (͉͉ Ͼ 0.8; see MATERIALS AND METHODS), and 65 (87.8%) of these accurately predicated the type of regulation (up or down) in the Cx43 null hearts. This finding supports the hypothesis that the altered gene regulation in the Cx43 null heart may in large part reflect interactions between the expression of Cx43 and other genes that exist in the heart under normal and/or pathophysiological conditions. Downregulation of the synaptic protein synaptophysin in Cx43 null heart. It has been demonstrated previously (15, 20) that Cx43 expression is critical for the migration of cardiac neural crest cells and for the formation of peripheral ganglia, which are derivatives of these cells. However, it has not been established whether Cx43 is indeed crucial for normal cardiac innervation. Thus it was particularly interesting to note that mRNAs encoding several synaptic proteins were downregulated in Cx43 null mouse hearts (see above), suggesting anomalous synaptogenesis. To determine whether innervation of the wild-type and Cx43 null hearts differs, using an independent methodological approach, we examined the distribution of the synaptic vesicle marker synaptophysin (which was not quantified by our cDNA microarrays) in wild-type and Cx43 null ventricles. Ventricular cardiac myocytes of wild-type heart exhibited abundant Cx43 immunolabeling (Fig. 6A) , which was totally absent in Cx43 null heart (Fig. 6B) . As expected, synaptophysin antibody labeled numerous puncta in wild-type heart sections ( Fig. 6C ; representative immunostaining images obtained from 5 wild-type hearts). However, immunostaining of synaptophysin was markedly lower in Cx43 null ventricle ( Fig. 6D ; representative images from 5 Cx43 null hearts). We further examined sympathetic innervation in the heart by tyrosine hydroxylase immunostaining. In wild-type heart, tyrosine hydroxylase immunoreactivity had a fibrous appearance and was present throughout the ventricle sections examined (arrows in Fig. 6E ). In contrast, tyrosine hydroxylase immunostaining was absent in most areas of the left ventricles of Cx43 null hearts (Fig. 6F) , except in the area adjacent to the epicardium. The specificity of monoclonal antibodies, including synaptophysin and tyrosine hydroxylase, is supported by the virtual absence of immunoreactivity in sections probed only with secondary antibody (not shown). Western blot analysis comparing wild-type and Cx43 null hearts confirmed the reduced synaptophysin expression seen with immunostaining (6.21 Ϯ 0.62 arbitrary densitometric units for wild type vs. 2.32 Ϯ 0.99 for Cx43 null; P Ͻ 0.02, data not shown). These results support the suggestion based on the microarray data that there is a deficiency in cardiac innervation in Cx43 null hearts.
DISCUSSION
We have used cDNA arrays to evaluate the gene expression profiles of hearts from neonatal Cx43 null mice. Using an experimental design where Cy3-labeled RNA extracted from both wild-type and Cx43 null hearts was cohybridized to a constant Cy5-labeled reference RNA has allowed us to measure biological variability in expression of each gene and to use this variability to determine whether apparent differences in gene expression ratios in Cx43 null hearts were statistically significant. Moreover, this method allowed calculation of correlation between Cx43 expression level and that of all other genes in wild-type and Cx43 null hearts.
The analysis of REV revealed that variability in individual transcript abundance among the four wild-type heart samples was higher than the variability in Cx43 null hearts. This difference between wild-type and Cx43 null hearts was most apparent for genes with high REV values (Ͼ100%) in wildtype heart, which showed less variable expression in hearts of Cx43 null littermates. This finding that deletion of Cx43 diminished the average expression variability among animals indicates that there is a higher degree of control of transcript abundances in Cx43-deficient compared with wild-type hearts. One consequence of this tighter control may be to compensate for the loss of Cx43 or to minimize the alteration of other genes linked to Cx43.
In an attempt to gain insight into possible mechanisms underlying this difference in REV in wild-type and Cx43 null hearts, we calculated whether genes encoding proteins within different functional classes showed more or less variability and also calculated the relative variability of genes found on each chromosome. From the standpoint of function, it may be noteworthy that JAE genes are the most unstable class in Cx43 null hearts, whereas genes involved in membrane and intracellular transport (T1 and T2) are the most stable in both wildtype and Cx43 null hearts. We have previously hypothesized that gene stability might be highest for genes determining differentiated cellular phenotype, thereby more readily allowing environmental impact on expression of genes with "housekeeping" cell functions (25, 26) . The analysis performed here indicates profound alteration in the stability of JAE genes by disruption of a gap junction gene and also indicates that gene expression related to other functions (T1 and T2, transport of ions and molecules into and within cells) is only minimally destabilized. Chromosomal association with expression stability revealed a less than twofold difference between highest and lowest total REV values. However, chromosomal expression variance differed markedly in wild-type and Cx43 null hearts, further emphasizing the complexity of the control processes involved in gene regulation.
Because significant reductions of median REVs were also observed in brains of neonatal Cx43 null and Cx43 heterozygous mice (23), but not in cortical astrocytes cultured from Cx43 null mice (25) , and both knockout and wild-type neonates used in the experiments reported here and in Refs. 23 and 25 were offsprings of the same heterozygous mothers, we hypothesize that the reduction in transcript abundance variability may represent a compensatory effect within the brain that is not necessarily present in a single isolated cell type. Quantification of expression ratios and their variances allowed identification of 586 distinct genes that showed significantly different expression in the Cx43 null compared with wild-type hearts. These regulated genes represented Ͼ10% of the identified, nonredundant, quantifiable spots on the arrays, indicating that disruption of Cx43 expression led to widespread changes in the expression of other genes.
Among the identified regulated genes in Cx43 null hearts are those that seem likely to result in altered cardiac function and organization. First, alterations detected in Ca 2ϩ -related genes (e.g., hippocalcin like-1, frizzled-2), apelin, and ␤-adrenergic receptors suggest the possibility that inotropic responses may be altered in Cx43 null hearts. Second, a rather large number of growth factors and their receptors were found to be downregulated, with the exception of upregulation of a macrophage inhibitory factor and VEGF. Downregulation of growth factors (as well as changes in cell motility genes) could contribute to the decreased migration of cardiac neural crest cells that has been described in Cx43 mice (20, 38) , whereas the upregulation of VEGF might contribute to the coronary patterning deficits in these animals (36) . Third, alterations observed in neuron and glial-related genes and in a smaller number of fibroblast and smooth muscle genes may represent altered cardiac innervation and angiogenesis. Although cardiac innervation has not been investigated previously in Cx43 null mice, overexpression of Cx43 in neural crest has been shown to lead to altered sympathetic and sensory nerve development (15) , and the Cx43 null heart shows increased smooth muscle and fibroblast infiltration (35) . The results with synaptophysin and tyrosine hydroxylase immunostaining shown here and Western blot of synaptophysin (not illustrated) indicate that sympathetic innervation in the Cx43 null heart is substantially reduced. This is consistent with array results, confirmed by qRT-PCR, that myelination and presynaptic and cytoskeletal neuronal genes are downregulated in the Cx43 null heart. (A and B) , for the nerve terminal marker synaptophysin (C and D), and for the sympathetic nerve marker tyrosine hydroxylase (E and F). Note that Cx43 immunolabeling is extensive in wild-type heart (A), Cx43 immunolabeling is absent in Cx43 null heart (B), punctate synaptophysin immunostaining was extensive throughout the ventricle of wild-type heart (C), punctate synaptophysin staining was much lower in Cx43 null heart than in wild-type heart (D), extensive sympathetic nerve fibers were revealed by fibrous immunostaining of tyrosine hydroxylase in Cx43 wild-type heart (E; arrows), and tyrosine hydroxylase staining in Cx43 null heart is sparse and mostly restricted to the region near the heart surface (F). Bar ϭ 70 m.
Finally, differences were detected in the expression of several ion channel types. Previous studies on heterozygous Cx43(ϩ/Ϫ) mice have indicated that Na ϩ channel activity may be increased, thereby compensating for the slowing of impulse propagation that would be expected to result from reduced Cx43 expression (29, 53) . Measurements of ventricular conduction in Cx43 heterozygotes, both in situ and in culture, have generally not detected substantially slowed propagation (see Refs. 3, 53, 57) , although adult myocytes with cardiac-targeted Cx43 deletion exhibit substantial conduction deficits (18) . The concept of channel remodeling mentioned above (52), supported by the T1 gene expression changes detected in our array analysis, might lead to partial compensation for the loss of Cx43 that may restore conduction to normal levels in the heterozygote but be inadequate in the null heart.
Coordination analysis in wild-type hearts of expression levels of Cx43 and each of the other regulated genes indicated that a high percentage of the strong synergistic and antagonistic coordinations predicted the up-or downregulation of the genes in the Cx43 null hearts. This finding has far-ranging implications, suggesting that the changes seen after disruption of a gene may reflect the existence of interlinkage of other genes with the deleted one under normal conditions and that major changes might result from pathophysiological conditions affecting any of the linked partners.
The most obvious phenotype of the Cx43 null mouse is perinatal death due to blockage of ventricular output to the lungs (48) . However, more subtle phenotypes have been detected as various physiological processes have been explored in detail, including altered growth rate and sensitivity to apoptotic stimuli (reviewed in Ref. 25) , increased velocity of hippocampal spreading depression and increased locomotor behavior (52) , and increased vulnerability of cardiac tissue to ischemic injury that has been observed in Cx43 null mice (30, 34) . Some of these phenotypic differences between wild-type and Cx43 null mice may be completely attributable to deficiencies in intercellular communication. However, the large number of gene expression differences resulting from Cx43 deletion reported here and the lack of any obvious functional linkage between intercellular communication and some of these processes (such as migration rate or sensitivity to apoptotic stimuli) suggest that an additional component of the phenotype may result from alterations in expression of genes regulated by Cx43 expression per se in addition to the intercellular coupling that it provides.
